Background/Aims: Lipopolysaccharide (LPS) is a potent activator of vascular smooth muscle cells (VSMCs) proliferation, but the underlying mechanism remains unknown. In this study, we knocked down Toll-like receptor 4 (TLR4) and Ras-related C3 botulinum toxin substrate 1 (Rac1) expression using small interfering RNA (siRNA) in order to investigate the effects and possible mechanisms of LPS-induced VSMCs proliferation. Methods: VSMCs proliferation was monitored by 5-ethynyl-2'-deoxyuridine staining, and Rac1 activity was measured via Glutathione S-transferase pull-down assay. mRNAs encoding proliferating cell nuclear antigen (PCNA), smooth muscle 22α (SM22α), myosin heavy chain (MYH) and transient receptor potential channel 1 (TRPC1) were detected by qRT-PCR. The expression of total Akt, p-Akt (308), p-Akt (473), SM22α, MYH and TRPC1 protein was analysed by Western blot. Results: Treatment with TLR4 siRNA (siTLR4) or Rac1 siRNA (siRac1) significantly decreased LPS-induced VSMCs proliferation. Moreover, LPS-induced activation of Rac1 through TLR4 was observed. Western blot analysis revealed that transfection with siTLR4 or siRac1 inhibited LPS-induced Akt phosphorylation. We discovered that LPS stimulated VSMCs proliferation via phenotypic modulation and that this effect was partially inhibited by pre-treatment with siTLR4 or siRac1. Further, TLR4 and Rac1 are involved in LPS-induced activation of TRPC1. Conclusion: This study suggests that LPS exerts an effect on VSMCs proliferation and that the TLR4/Rac1/Akt signalling pathway mediates this effect.
LPS Promotes Vascular Smooth Muscle

Introduction
The proliferation of vascular smooth muscle cells (VSMCs) plays a pivotal role in the course of various vascular disorders, including vascular remodelling, restenosis and stroke [1] . Inflammation is an important force in the progression of intimal hyperplasia [2] . Toll-like receptor (TLR) 4, an important member of the TLR family, can be activated during these responses [3] . Lipopolysaccharide (LPS) is a widely used exogenous ligand that activates TLR4 and has been extensively studied in immune and inflammatory diseases [4] [5] [6] [7] . Recently, much attention has been given to the role of LPS in the initiation and progression of cardiovascular diseases. There is increasing evidence that LPS can induce an inflammatory response by VSMCs via a TLR4-dependent mechanism [8] . Particular attention has been paid to the link between LPS-mediated inflammation and VSMCs proliferation. While LPS has been shown to promote VSMCs proliferation, the mechanism underlying this phenomenon remain poorly investigated [9] .
Ras-related C3 botulinum toxin substrate 1 (Rac1) is known to be involved in LPSmediated TLR4 expression [10] . Furthermore, phosphatidylinositol 3-kinase (PI3K) has been shown to mediate TLR4-induced activation of NF-kB in endothelial cells [11] . As a classical intracellular messenger, Akt is involved in VSMCs proliferation associated with inflammatory stimuli such as angiotensin II and platelet derived growth factor. The absence of Akt reduces VSMCs proliferation and migration [12] . In addition, Hattori et al. reported that LPS led to PI3K/Akt pathway activation in VSMCs [13] . However, the relationship among the Rac1, Akt and TLR signalling pathways during LPS-induced VSMCs proliferation has been rarely explored.
Phenotypic modulation of VSMCs from the contractile phenotype (differentiated type) to the synthetic phenotype (dedifferentiated type) is known to be stimulated in different conditions, which is beneficial for VSMCs proliferation [14] . Myosin heavy chain (MYH) is a phenotypic marker of dedifferentiated VSMCs, whereas smooth muscle 22α (SM22α) is a marker of differentiated VSMCs. Whether LPS directly stimulates VSMC phenotypic modulation during VSMCs proliferation is unknown.
Our previous study revealed that LPS contributes to VSMCs proliferation via the TLR4/ Rac1/Akt signalling pathway [15] . In the current study, we use small interfering RNA (siRNA) to provide further evidence for the involvement of the TLR4/Rac1/Akt signalling pathway in LPS-mediated VSMCs proliferation. Furthermore, we examine the role of VSMCs phenotypic modulation in VSMCs proliferation following LPS stimulation and explore the role of related molecular mechanisms.
Materials and Methods
Cell Culture
VSMCs were isolated from thoracic aortas resected from Sprague-Dawley rats using an explant technique. Male and female Sprague-Dawley rats 8-10 weeks old (200±20 g) were supplied by the Institute of Laboratory Animals of Xuzhou Medical University. All experimental procedures were authorized by the Animal Ethics Committee of Xuzhou Medical University (CMCACUC2013-04-118), and all methods were carried out consistent with the approved guidelines. VSMCs were used between passages 3 and 5 after culture in Dulbecco's modified Eagle medium (HyClone, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, USA), 100 U/ml penicillin, and 100 mg/ml streptomycin in air supplemented with 5% CO 2 at 37°C. All cells were synchronized by serum starvation for 24 h.
siRNA-TLR4 and siRNA-Rac1 Transfection
VSMCs grown on six-well plates were transfected with either siRNA-TLR4 (siTLR4) or siRac1 from GenePharma (China) according to the manufacturer's instructions. Lipofectamine 2000 (Invitrogen, USA) was used as the transfection reagent. The following siRNA oligos were used in Table 1 .
5-ethynyl-2'-deoxyuridine (EdU) Staining
The Cell-Light TM EdU Kit (Rui Bo Guangzhou Biotechnology Limited Company, China) was used to detect VSMCs proliferation. VSMCs were seeded in six-well plates and stimulated with LPS (10 µg/ml, Sigma, USA; 98% purity) following siRNA transfection or without transfection as a control. Each well was treated with 500 µl EdU (50 mM) and incubated for 2 h. EdU-positive cells were examined by fluorescence mi- [15] .
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Total RNA was isolated from VSMCs using a TRIzol reagent kit (Invitrogen, USA). cDNA samples were obtained using Script M-MLV (Tiangen Biochemical Technology, China). qRT-PCR was performed using 2× Super Real PreMix (SYBR Green, Tiangen) and 50× ROX Reference Dye on an ABI 7500 QPCR System (Applied Biosystems, USA) as previously described [15] . The results were normalized to the expression levels of β-actin prior to further analysis. Relative gene expression was quantified by the comparative CT method (2 -ΔΔCT ). PCR primers for TLR4, Rac1, MYH, SM22α, proliferating cell nuclear antigen (PCNA), TRPC1 and β-actin were designed by Invitrogen with the following sequences in Table 2 .
Western Blot Analysis
The protein levels of Rac1, MYH, SM22α, Akt, p-Akt (308) and p-Akt (473) in VSMCs were analysed by Western blot. Cells were lysed in RIPA Lysis Buffer (Beyotime Institute of Biotechnology, China), and protein was quantified using BCA protein assay reagent (Beyotime). Proteins (25 µg) were resolved on 6% or 10% SDS-polyacrylamide gels and transferred to polyvinylidene fluoride membranes, which were blocked with 5% BSA. The primary antibodies antiRac1/2/3(1:1000), anti-p-Akt (308; 1:1000), anti-pAkt (473; 1:1000) (all from Cell Signaling Technology, USA), anti-MYH (1:500), anti-SM22α (1:1000) and anti-TRPC1 (1:1000) (all from Santa Cruz, USA) were incubated with polyvinylidene fluoride membranes overnight at 4°C. After successive washes, membranes were incubated for 1 h with HRP-conjugated sheep anti-rabbit IgG (1:1000) and horse anti-mouse IgG (1:1000) at room temperature (Zhongshan Golden Bridge Biotechnology Company, China). Enhanced chemiluminescence developing methods (Beyotime) were used to visualize immunolabelling. Image-Pro Plus was used to take measurements of band density.
Pull-Down Assay for Rac1 Activity
Glutathione S-transferase (p21-activated kinase)-p21 binding domain [GST-(PAK)-PBD] fusion protein was used to measure Rac1 activation in pull-down assays. VSMCs were cultured in six-well plates and stimulated with LPS (10 µg/ml) following siTLR4 transfection or no transfection as a control. VSMCs were lysed, and the supernatant was collected and incubated with GST-(PAK)-PBD fusion protein. After a series of centrifugation and wash steps, the entire complex was eluted from the affinity support using SDS-PAGE loading buffer, and then evaluated by SDS-PAGE. Active Rac1 was detected by Western blotting with mouse anti-Rac1 antibody (New East Biosciences, UK) and HRP-conjugated secondary antibody as previously described [15] . 
Statistical Analysis
All results were expressed as the means ± standard error of the mean (SEM) of at least three independent experiments. Statistical significance was estimated by one-way or two-way ANOVA with subsequent Newman-Keuls tests for multiple comparisons, while the two-tailed Student's t-test was used to compare data from only two groups. Differences were considered statistically significant at P<0.05.
Results
Transfection of siTLR4 or siRac1 in VSMCs
Three siRNA options were tested for each gene target. RT-PCR was conducted to determine the efficiency of transfection (Fig. 1 (Fig. 1) . siTLR-743 and siRac1-98 were the most effective and were selected for use in subsequent experiments.
Effects of TLR4 and Rac1 on LPS-induced VSMCs proliferation
EdU assay showed that the number of EdU-positive VSMCs increased significantly after 10 µg/ml LPS treatment, a figure that was reduced after transfection with siTLR4 (Fig. 2a) or siRac1 (Fig. 2b) . In parallel, PCNA, a sensitive marker of proliferation in many cell lines, was assayed by qRT-PCR. We found that transfection of siTLR4 (Fig. 3a) or siRac1 (Fig. 3b) partially inhibited LPS-mediated expression of PCNA mRNA. These results suggest that TLR4 and Rac1 are required for LPS-stimulated VSMCs proliferation.
LPS induces the activation of Rac1 through TLR4
GST pull-down assays were performed to detect Rac1 activation. LPS activated Rac1 for 15 min after stimulation, while transfection with siTLR4 reduced LPS-mediated GTP-Rac1 expression in VSMCs (Fig. 4) , suggesting that LPS-induced activation of Rac1 was partially blocked by siTLR4.
Transfection of siTLR4 or siRac1 Inhibits Akt Phosphorylation Stimulated by LPS
To determine whether TLR4 or Rac1 is required for LPS-mediated Akt activation, the expression of p-Akt was examined by Western blot. Protein expression of p-Akt (308) and p-Akt (473) was elevated after treatment with LPS. Pre-treatment with siTLR4 (Fig. 5a ) or siRac1 (Fig.  5b) partially reduced LPS-induced expression of p-Akt (308) and p-Akt (473), indicating that TLR4 and Rac1 mediate the LPS-induced expression of p-Akt (308) and p-Akt (473) in VSMCs.
Phenotypic Modulation Initiates LPS-Induced VSMCs Proliferation through TLR4 and Rac1
LPS reduced mRNA and protein expression of the differentiation marker SM22α, whereas it increased the mRNA and protein levels of the dedifferentiation marker MYH (Figures 6 and  7) . However, compared with the LPS group, transfection with siTLR4 resulted in a significant increase in SM22α expression and a remarkable decrease in the expression of MYH (Figures 6a  and 7a) . Similar results were also seen after transfection with siRac1 (Figures 6b and 7b) . Thus, TLR4 and Rac1 mediate VSMCs proliferation by initiating the process of phenotypic modulation.
LPS Induces the Activation of TRPC1 through the TLR4/Rac1 pathway
After stimulation with LPS, TRPC1 mRNA and protein were abundantly expressed. However, transfection with siTLR4 or siRac1 reduced LPS-mediated TRPC1 mRNA expression (Fig. 8a) as well as protein expression (Fig. 8b) . We therefore suggest that TLR4 and Rac1 participate in TRPC1 expression in LPS-induced VSMCs. 
Discussion
VSMCs proliferation is involved in atherosclerosis [16, 17] , which is a major pathological factor resulting in myocardial infarction and stroke. LPS, as newly recognized inflammatory substance, has a strong proliferative effect on VSMCs. Substantial evidence indicates that TLR4 initiates signalling downstream of LPS stimulation [18] and may participate in the progression of various vascular proliferative diseases, including atherosclerosis and neointima formation [19] [20] [21] . Moreover, blocking the progress of atherosclerosis by inhibiting TLR4-mediated signalling has been verified in different animal models [22] [23] [24] [25] . LPS has been shown to activate TLR4 and induce various signalling cascades, including PI3K/Akt [13] , mitogen-activated protein kinase [26, 27] and interleukin-1 receptor associated kinase (IRAK) [28, 29] ; each of which participates in cell proliferation [30] . However, the underlying molecular mechanisms controlling VSMCs proliferation after LPS stimulation remain to be identified.
Rac1 is a classical cell proliferation factor previously identified in other cell lines [31, 32] and has been studied in the context of cerebro-and cardio-vascular diseases [33] . Lin et al. reported that Rac1 could increase the expression of TLR4 following LPS activation [9] . Furthermore, Rac1 promoted pulmonary artery smooth muscle cell proliferation [34] , while Rac1 inhibition reduced VSMCs proliferation stimulated by platelet-derived growth factor [35] . Attenuation of the PI3K/Akt signalling pathway has been shown to limit neointimal formation in rat vascular injury models [36] . Both Rac1 and Akt are considered to lie downstream of the LPS signalling pathway. Based on this information, TLR4, Rac1 and Akt may be involved in the proliferation of VSMCs following LPS stimulation.
Our previous experiments revealed that LPS contributed to VSMCs proliferation via the TLR4/Rac1/Akt signalling pathway [15] . To build on this previous study, we used siRNA to examine the effect of LPS and the role of TLR4 and Rac1 in VSMCs proliferation. LPS was found to promote the proliferation of VSMCs by EdU staining and pre-treatment with siTLR4 or siRac1 significantly decreased LPS-induced VSMCs proliferation. Similarly, LPS-enhanced expression of PCNA mRNA, an indicator of cell proliferation, was diminished after pretreatment with siTLR4 or siRac1. These findings suggest that the expression of TLR4 and 
Rac1 may be involved in the promotion of VSMCs proliferation by LPS. In the present study, siRNA inhibition of TLR4 expression resulted in the down-regulation of Rac1 activity. Thus, TLR4 expression is associated with the regulation of LPS-induced Rac1 activation. Similarly, protein expression of p-Akt (308) and p-Akt (473) was diminished significantly after pretreatment with siTLR4. We found that expression of p-Akt (308) and p-Akt (473) was partly inhibited by transfection with siRac1, consistent with the finding that Rac1 initiated Akt activation during VSMCs proliferation [15] . This indicates that Rac1 activity is associated with the regulation of Akt activation induced by LPS. In conclusion, our results reveal that the effect of LPS on VSMCs proliferation is mediated by the TLR4/Rac1/Akt signalling pathway. Phenotypic modulation, which means switching from a contractile to a synthetic phenotype, is observed upon vascular injury and in various vascular diseases, including atherosclerosis and hypertension [37] . To investigate whether phenotypic modulation is involved in LPS-induced VSMCs proliferation, Rac1 and TLR4 were knocked down by siRNA. Our results revealed that LPS increases the levels of MYH mRNA and protein while decreasing expression of SM22α mRNA and protein. When cells were transfected with siTLR4 prior to LPS stimulation, the expression of MYH mRNA and protein were decreased compared with the LPS group, and SM22α mRNA and protein levels increased. We also knocked down Rac1 with siRNA and examined changes in the mRNA and protein levels of MYH and SM22α. Our results were consistent with those obtained for siTLR4 transfection prior to LPS exposure. These findings demonstrate that down-regulating TLR4 or Rac1 inhibited LPS-mediated VSMCs dedifferentiation. Taken together, these results suggest that phenotypic modulation of VSMCs participates in the proliferation of VSMCs following LPS stimulation. VSMCs express a large repertoire of ion channels that are critical to VSMCs contraction, migration and proliferation. Transient receptor potential canonical (TRPC) 1, a member of the TRPC superfamily, is widely expressed in the VSMCs of several species. TRPC1 has been implicated in mediating several VSMCs pathologies involving contraction and proliferation [38] . Golovina et al. reported that TRPC1 protein expression was increased in proliferative human pulmonary artery smooth muscle cells compared to non-proliferative cells [39] . Takahashi et al. showed that in cultured VSMCs, TRPC1 expression increased upon angiotensin II stimulation [40] . Treatment with antisense oligonucleotides targeting TRPC1 mRNA was able to decrease the proliferation of isolated VSMCs. These findings suggest TRPC1 as a potential target for vascular disease therapies [41] . Jiang et al. have shown that downregulation of TRPC channels reduces LPS-induced pulmonary artery smooth muscle cells proliferation [42] . Kumar et al. have suggested that TRPC1 is up-regulated following vascular injury in mice and pigs in association with VSMCs phenotypic modulation [43] . We hypothesized that TRPC1 participates in phenotypic modulation via the TLR4 and Rac1 signalling pathways, resulting in VSMCs proliferation. In the present study, we discovered that up-regulation of TRPC1 protein and mRNA expression was mediated by LPS. Our experimental results further showed that inhibition of TLR4 or Rac1 by siRNA decreased TRPC1 protein and mRNA expression induced by LPS, suggesting that TLR4 and Rac1 take part in the LPSinduced activation of TRPC1 protein and mRNA. However, how TRPC1 is activated in this process will require more investigation.
In our previous study, we used pharmacological approaches to show how LPS activated TLR4 to trigger VSMCs proliferation, which was involved in Rac1 and Akt cascade [15] . We reported that Rac1 activity is essential for LPS-induced p-Akt expression. However, without a TLR4 inhibitor or siRNA-mediated knock-down of TLR4, the TLR4-independent effects of LPS remain unknown. In the present study, we confirm that LPS significantly promotes Cellular Physiology and Biochemistry
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VSMCs proliferation and that this effect is partially reduced by transfection with siTLR4 or siRac1. The use of small interference technology makes these results more convincing than those obtained via pharmacological approaches. In addition, we verified the requirement for TLR4 in Rac1 activation and formation the TLR4/Rac1/Akt signalling pathway. We did not address whether LPS-induced TLR4 protein and mRNA expressions is mediated by Rac1 and Akt activation, which was emphasized in our previous study. In summary, we provide convincing evidence that the TLR4/Rac1/Akt signalling pathway contributes to VSMCs proliferation. Some studies have reported the impact of LPS on the expression of VSMCs differentiation markers. We found that LPS induced the activation of TRPC1 through the TLR4/Rac1 pathway in VSMCs, suggesting a novel target for therapeutic intervention.
In conclusion, our results show that LPS significantly promotes VSMCs proliferation, an effect that is partially reduced by transfection with siTLR4 or siRac1. We confirm that the TLR4/Rac1/Akt signalling pathway contributes to VSMCs proliferation. LPS stimulates VSMCs proliferation as a result of phenotypic modulation; this effect was also reduced by transfection with siTLR4 or siRac1. Finally, we prove that LPS induces the activation of TRPC1 through the TLR4/Rac1 pathway. We have therefore demonstrated that LPS stimulates the proliferation of VSMCs and that the TLR4/Rac1/Akt signalling pathway is involved in this process.
Our experiments are not without limitations. First, we do not examine whether LPS administration is subject to positive feedback regulation through the TLR4/Rac1/Akt signalling pathway in vivo. Second, the precise mechanisms governing the phenotypic modulation of VSMCs remain scarcely due to the complex and redundant molecules and pathways involved. Thus, pharmacological approaches inhibiting the phenotypic modulation of VSMCs may be difficult to develop. Zhang et al. have summarized existing knowledge of the role and molecular mechanisms involved in controlling VSMCs phenotypic modulation. Moreover, they discuss many molecules, including microRNAs, cytokines and biochemical factors, membrane receptors, ion channels, cytoskeleton and extracellular matrix may become a promising target in VSMCs differentiation-related diseases [44] . Bolı´var et al. recently reported that LPS induces TLR4 activation and prevents cardiac fibroblast-tomyofibroblast differentiation and that decreasedα-SMA expression played a role in this effect [45] . However, whether LPS-induced phenotypic modulation of VSMCs represents a new therapeutic target for proliferative vascular diseases warrants further investigation. How these strategies will transition from bench to bedside is a topic for future study.
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